A benzothienoindole (BTIN) and a benzofuroindole (BFIN) were synthesized in high yields, as potential new DNA target compounds, using a metal-assisted intramolecular CeN cyclization of the methyl esters of N-(tert-butoxycarbonyl)-b,b-bis(dibenzothien-4-yl or dibenzofur-4-yl)-dehydroalanines. The latter were obtained by a bis-Suzuki coupling of a b,b-dibromodehydroalanine with the corresponding heteroarylboronic acids. The absorption and fluorescence properties of the new tetracyclic compounds were studied in different solvents and in the presence of salmon sperm DNA. The results in several solvents show that either BTIN or BFIN can be used as fluorescence solvent sensitive probes. Spectroscopic studies of their interaction with dsDNA allowed to determine binding constant (K i ) values and binding site sizes (n). Fluorescence quenching experiments using iodide ion showed that intercalation is the preferred mode of binding to DNA. From the results obtained, BTIN is the more intercalative compound and has a higher affinity to DNA. The interaction of BTIN with DNA was also studied electrochemically, by using differential pulse voltammetry (DPV) in connection with disposable pencil graphite electrode (PGE). After the interaction of BTIN with DNA, the oxidation signals of BTIN and adenine strongly decreased. The latter result was attributed to the binding of BTIN to DNA and the former points to a possible damage of the oxidizable groups of BTIN after intercalation into DNA. The results of spectroscopic and electrochemical studies of BTIN interaction with DNA are in good agreement.
Introduction
The interaction of DNA with small molecules is an important fundamental issue in life sciences. 1 The investigation based on DNA interactions has a key importance in order to understand the mechanisms of action of some antitumour and antiviral drugs and to design new DNA-targeted drugs. 2 A recent active area of research is to explore the nature and dynamics of binding small molecules to biomacromolecules. 3, 4 There are three modes of binding of molecules to DNA: intercalation into the base pairs, in the grooves ('major' or 'minor') and outside the helix by electrostatic interactions. Small molecules are stabilized on groove binding and intercalation with DNA through a series of associative interactions such as p-stacking, hydrogen bonding, attractive van der Waals and hydrophobic interaction. 2 The interactions of some specific small molecules, such as some anticancer agents, with DNA have been studied using a variety of techniques.
5e8 Absorption and fluorescence emission spectroscopies are important tools for monitoring DNA-binding processes. The interaction of fluorescent planar polycyclic molecules with DNA can be conveniently observed by these methods, because their absorption and emission properties change significantly on complex formation. 9 Fluorescence quenching experiments using external quenchers are also very useful to establish the DNA-binding modes, 10e12 since intercalated chromophores are less accessible to anionic quenchers due to electrostatic repulsion with negatively charged DNA. 11 Recently, there is a growing interest in the design of biosensors that exploit interactions between surface-confined DNA and target drugs for their rapid screening.
13e25 Electrochemical DNA biosensors (genosensors) play an important role for pharmaceutical, clinical, environmental and forensic applications, 13e18 since electrochemistry provides rapid, simple and low-cost point-of-care detection of specific nucleic acid sequences, and also the interaction between ligands and nucleic acids.
For some years till now, some of us have been interested in the synthesis of heteroaromatic systems using a metal-assisted CeN intramolecular cyclization of b,b-diaryl or diheteroaryldehydroamino acids obtained by Suzuki coupling.
26, 27 Here, we present the synthesis of new fluorescent tetracyclic compounds, a benzothienoindole (BTIN) and a benzofuroindole (BFIN) using the same methodology. The photophysical properties (absorption and fluorescence) of these two compounds in several solvents and in the presence of dsDNA were studied. Electrochemical studies of BTIN interaction with dsDNA were also carried out.
Results and discussion

Synthesis
New tetracyclic compounds, a benzothienoindole (BTIN) and a benzofuroindole (BFIN), were obtained in high yields by a CeN metal-assisted intramolecular cyclization, developed by us, 26, 27 of the also new bis-Suzuki coupling products 1 and 2. The latter were obtained from a b,b-dibromodehydroalanine derivative, 26a and dibenzothien-4-yl and dibenzofur-4-yl boronic acids, in good yields, using Suzuki coupling conditions 26c (Scheme 1).
The mechanism for the intramolecular cyclization proposed by us involves the formation of a palladacycle that after extrusion of Pd(0) gives the pyrrole ring, followed by cleavage of the Boc group. Copper acetate re-oxidizes Pd(0) to Pd(II), avoiding the use of a stoichiometric amount of Pd(OAc) 2 . 27 2.2. Photophysical properties of BTIN and BFIN
In several solvents
The absorption and fluorescence properties of BTIN and BFIN were studied in several solvents. The maximum absorption (l abs ) and emission wavelengths (l em ), molar extinction coefficients and fluorescence quantum yields of BTIN and BFIN are presented in Table 1 . The fluorescence quantum yields were determined by the standard method, 28 using 9,10-diphenylanthracene in ethanol as reference (F r ¼0.95).
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The normalized fluorescence spectra of BTIN and BFIN are shown in Figures 1 and 2 , respectively. Examples of absorption spectra are shown as inset. The near-ultraviolet absorption of indole and their derivatives is generally attributed to two strongly overlapping p/p* transitions, 30e32 with an average 3 value for nonsubstituted indole of 5550 M À1 cm À1 , which also justifies its relatively high fluorescence quantum yield. 33 The tetracyclic indole derivatives prepared, BTIN and BFIN, have also a carboxylate group and it is known that many carbonyl compounds exhibit low fluorescence quantum yields due to the low-lying n/p* state. In these new indole fused derivatives it is possible that electronic transitions p/p* and n/p* can be nearby in energy, resulting in state-mixing. 34 A predominance of n/p* character for the lowest energy transition of BFIN could explain the decrease in 3 values for this compound (Table 1) . It is also expected that the presence of the two S atoms in BTIN leads to the increase of singlet/triplet (S/T) intersystem crossing (ISC) by enhancement of spin-orbit coupling interaction that is usually observed in sulfur containing compounds. 34, 35 explain why the fluorescence quantum yields of BFIN are higher than those of BTIN in all solvents studied. The fluorescence emission maximum (l em ) of both compounds displays a significant red shift from cyclohexane to more polar solvents, while in absorption the red shift is very low (Table 1) . This shows that solvent relaxation after photoexcitation plays an important role. The red shift in emission is particularly significant in alcohols, probably due to hydrogen bond formation between these two fluorophores and protic solvents. An increase in F F value is observed for BFIN in alcohols relative to the other solvents. One possible explanation is that, with increasing solvent polarity and/or hydrogen bonding capability, p/p* state can shift to lower energy than n/p* state. 36 Both BTIN and BFIN may be used as fluorescent environment sensitive probes, keeping reasonable fluorescence quantum yield values in all solvents studied. Figure 3 shows the absorption spectra of BTIN in the presence of dsDNA, with increasing [DNA]/[BTIN] ratios (keeping [BTIN] constant), in TriseHCl buffer (pH¼7.4). An isosbestic point at 340 nm is observed, which is characteristic of the presence of two different species and therefore evidences the binding of BTIN to DNA. A DNAeBTIN complex with a maximum absorption at 357 nm is formed with increasing DNA concentration (Fig. 3) . An increase in emission intensity with increasing [DNA]/ [BTIN] ratio, together with a red shift in emission maximum (10 nm), is observed (Fig. 4) showing that the DNAeBTIN complex has a higher fluorescence quantum yield than the free compound.
In the presence of dsDNA
A different behaviour is observed for BFIN in the presence of DNA. The results obtained suggest that BTIN presents a higher degree of intercalation in double-stranded DNA than BFIN, which is probably due to the ability of the S atoms to establish long distance hydrogen bonds.
For both compounds, full saturation (corresponding to spectral invariance with increasing DNA concentration) is attained at [DNA]/[compound]¼25, meaning that total binding is achieved at this ratio.
Binding parameters can be obtained using the modified Scatchard plot, given by McGhee and von Hippel (Eq. 1).
where K i is the intrinsic binding constant, n is the binding site size in base pairs, r is the c b /[DNA] ratio (in base pairs) and c b and c f are the concentrations of bound and free compound, respectively. The binding data were obtained from fluorescence measurements (Eq. 2) as fluorescence intensity, I F , is proportional to concentration in our experimental conditions (absorbance at excitation wavelength is lower than 0.1).
where I F,0 is the fluorescence intensity of the free compound, I F,b is the fluorescence intensity of the DNA bound compound obtained at total binding and c total ¼c f þc b . The data were treated by least squares methods to determine the values of the binding constants and binding site sizes ( Table 2 ). The higher n value for BTIN can be justified by the larger size of the S atom. BTIN binding constant indicates a higher affinity of this compound for DNA base pairs (Table 2) .
From the fluorescence spectra, it is possible to estimate the ratio between the emission quantum yields of DNAeBTIN Table 2 Values of the binding constants (K i ) and binding site sizes in base pairs (n) for the interaction of BTIN and BFIN with DNA
complex, F DNAeBTIN , and of free BTIN, F BTIN . The ratio between the emission quantum yields in the presence and absence of DNA, F F =F F;0 , is given by Eq. 3:
where the subscript 0 means the absence of DNA, 3 BTIN and 3 DNAeBTIN are the molar absorptivities of free BTIN and DNAeBTIN complex, respectively, b is the path length and c f and c b are the concentrations of free and bound compound, respectively. For excitation at isosbestic point (340 nm) where bound and free BTIN molecules have the same molar absorptivity, Eq. 3 simplifies to Eq. 4:
A similar treatment can be done for BFIN fluorescence data, if the small differences between the absorption spectra are neglected. Figure 6 
where I 0 and I are, respectively, the fluorescence intensities in the absence and in the presence of quencher (I À ), K SV is the SterneVolmer constant and [Q] is the quencher concentration.
SterneVolmer plots are nonlinear (Fig. 7A) , with a downward curvature, which means that not all the fluorescent molecules are accessible to the quencher. In this case, the system contains heterogeneously emitting sites (some molecules are accessible to the quencher and others are not) and the SterneVolmer equation must be modified 38 as Eq. 6: where DI¼I 0 ÀI and f a is the accessibility to the quencher. From the plots of I 0 /DI versus 1/[Q], it is possible to obtain the compound accessibilities to the quencher (Fig. 7B, Table 3 ).
The results in Table 3 show that for BFIN and BTIN, respectively, 55% and 67% of the emitting sites are located inside the double helix and, thus, are not accessible to the external quencher, indicating that the intercalative binding is the preferred form of association of these compounds to DNA. As BTIN and BFIN are neutral molecules, electrostatic binding to the nucleic acid is not expected to occur in a large extent. Therefore, the fraction of molecules accessible to the external quencher ( f a ) should correspond mainly to bound molecules at the grooves.
The values of the SterneVolmer constants, K SV , indicate that the quenching process by iodide ion is more efficient for BFIN than for BTIN. This confirms that BTIN is the more intercalative compound in DNA.
Electrochemical studies of dsDNA interaction with BTIN
The interaction of BTIN with dsDNA was also studied by electrochemical methods.
The changes at the oxidation signals of BTIN and of the electroactive DNA base, adenine, were monitored electrochemically using differential pulse voltammetry (DPV) technique (Fig. 8) .
The oxidation signals of BTIN before and after interaction with dsDNA were measured at almost þ180 mV (Fig. 9A) . The oxidation signals of the electroactive adenine DNA base observed at wþ1280 mV were also measured before and after interaction with BTIN at disposable PGE (Fig. 9B) . Additionally, another small and not reproducible oxidation signal of BTIN was observed at wþ950 mV (not shown) that is similar to the peak potential of DNA base, guanine by overlapping to its peak potential at þ1070 mV. Because of this, we focused on the changes at the oxidation signals of BTIN and adenine obtained with the dsDNA modified PGE. A gradual decrease at both oxidation signals of BTIN and adenine after interaction was observed. A series of three repetitive DPV signals obtained with 50 and 16 mg/mL of BTIN and of dsDNA, respectively, at PGE surface resulted in reproducible results namely a mean response of 289.3 nA for BTIN and 5092 nA for adenine, with a relative standard deviation (n ¼ 3) of 12.1% and 18.5%, respectively.
In Figure 10 the changes at the oxidation signals of BTIN and adenine before and after interaction of BTIN in different concentrations 10, 30 and 50 mg/mL with 16 mg/mL of dsDNA at PGE surface are presented. When the concentration of BTIN was increased in the absence of interaction, a gradual increase at the oxidation signal for BTIN was observed (Fig. 10B) . A decrease at the oxidation signals of BTIN and adenine was observed after interaction (Fig. 10C) .
A dramatic decrease (w95%) was observed at the signal of BTIN after interaction of 50 mg/mL of this compound with dsDNA ( Fig. 10B and C3 ). When the concentration of BTIN was 30 and 10 mg/mL, it is still observed a high ratio 77% and 52% of decrease, respectively, after its interaction with dsDNA ( Fig. 10B and C1eC2) .
A decrease at adenine oxidation signals was also observed, to about 20%, 54% and 89% in the presence of the same concentrations of BTIN, 10, 30 and 50 mg/mL, respectively, after its interaction with dsDNA ( Fig. 10A and C1eC3) . The highest decrease at the oxidation signals of BTIN and adenine was obtained at 50 mg/mL of BTIN, and this was considered as the optimum concentration to detect the interaction of BTIN with dsDNA.
The decrease of the magnitude of adenine oxidation signal obtained after interaction of BTIN with dsDNA (shown in Fig. 10 ) may be attributed to the intercalation of this compound into the base pairs of DNA. This phenomenon could be explained by the shielding of oxidizable groups of electroactive base adenine while BTIN interacts with the double helix of DNA at the electrode surface by intercalation. The decrease of the oxidation signal of BTIN indicates a possible damage in the oxidizable groups of this compound after intercalation. The decrease of the adenine oxidation signals obtained using dsDNA is in good agreement to some of our results 22 and to the results presented by Oliveira Brett et al. 23 Thus, we may explain this decrease as the preferential binding of BTIN to the electroactive base adenine.
In contrast to earlier studies performed by using different electrochemical transducers such as, glassy carbon electrode (GCE), hanging mercury drop electrode (HMDE) and wellknown drugs, e.g., Mitoxantrone (MTX) and Doxorubicin (DXR), the electrochemical sensing of interaction of BTIN with dsDNA was successfully performed here in a lower concentration of DNA and in a shorter time, taking advantage of single-use graphite sensor technology. Oliveira Brett et al. 24 presented a report for the determination of the interaction of the anthraquinone drug MTX with dsDNA or ssDNA at higher concentrations. The interaction was studied in an aqueous medium or on electrode surface by using GCE in connection with the use of square-wave voltammetry (SWV) and DPV. The intercalation was determined by the significant changes on MTX oxidation signal, guanine and adenine signals after interaction with DNA. Studies by Fojta et al. 25 on conformational changes of DNA due to the binding of intercalators such as the anticancer agent DXR, by using adsorptive transfer stripping alternative current voltammetry at HMDE showed less than 40% and 30% decrease at DXR (50 mM) peak using 30 mg/mL ssDNA and dsDNA, respectively. In our study, the detection limit for BTIN estimated from S/N¼3 was 1.13 and 15 mg/mL, before and after interaction with 16 mg/mL dsDNA at PGE surface in 5 min accumulation time.
Conclusions
Two new tetracyclic compounds were synthesized in high yields (BTIN and BFIN) by an intramolecular CeN metalassisted cyclization, developed by us, of the also new b,b-diheteroaryldehydroalanine derivatives. The latter were prepared by a bis-Suzuki coupling of a b,b-dibromodehydroalanine derivative and dibenzothien-4-yl and dibenzofur-4-yl boronic acids.
The absorption and fluorescence properties of BTIN and BFIN were studied in several solvents showing that both compounds may be used as fluorescence probes. The same type of studies was performed in the presence of salmon sperm dsDNA. The binding constants of both compounds were determined, showing that BTIN has a higher affinity for DNA. The preferential intercalation mode of binding was confirmed by fluorescence quenching experiments with iodide ion, which indicated a low accessibility of BTIN to the quencher.
The electrochemical and spectrophotometric detections of interaction of BTIN with dsDNA were successfully explored in this study and the results were in a good agreement with each other. The electrochemical detection of BTIN interaction with dsDNA was performed by using faster, more sensitive and less laborious electrochemical technique with the advantages (1)10, (2) 30 and (3) 50 mg/mL. The conditions used were the same as described in Figure 8 . of using disposable graphite sensor (PGE) technology. The success of PGE over existing carbon electrodes is its commercial availability and its improved reproducibility. The electrochemical method presented here is experimentally convenient and sensitive requiring only small amounts of materials.
The analysis of novel DNA-targeted compounds in vitro is very important for the discovery of new pharmaceuticals. In comparison to other methodologies in the literature, no data were reported concerning the evaluation of both electrochemical and spectroscopic detections of interaction of any new DNA-targeted compound with nucleic acids. Such experiments allow the understanding of the interaction in order to determine the recognition of DNA sites, and also promote novel drugs' rational design for application in chemotherapy, and in the development of new tools for the point-of-care tests and diagnosis based on DNA.
Experimental section
Synthesis
General considerations
Melting points ( C) were determined in a Gallenkamp apparatus and are uncorrected. 1 H and 13 C NMR spectra were recorded at 300 and 75.4 MHz, respectively. Heteronuclear correlations 1 H, 13 C, HMQC and HMBC were also performed. MS and HRMS data were recorded using a direct injection method by Electron Impact. The reactions were monitored by thin layer chromatography (TLC). Column chromatography was performed on MachereyeNagel silica gel 230e400 mesh. Petroleum ether refers to the boiling range 40e60 C. Ether refers to diethyl ether. When solvent gradient was used, the increase of polarity was made from neat petroleum ether to mixtures of ether/petroleum ether, increasing 10% of ether each time until the isolation of the product. Boronic acids and caesium carbonate were purchased from Aldrich. Pd(dppf)Cl 2 $CH 2 Cl 2 1:1 (palladium 1,1 0 -diphenylphosphaneferroceneedichloromethane adduct) was purchased from STREM.
General procedure for the synthesis of compounds 1 and 2 by bis-Suzuki coupling
To a solution of N-Boc-b,b-dibromodehydroalanine methyl ester 26a (180 mg, 0.500 mmol) in THF/H 2 O (5 mL:5 mL), dibenzothien-4-yl boronic acid or dibenzofur-4-yl boronic acid (5 equiv), Cs 2 CO 3 (1.4 equiv) and Pd(dppf)Cl 2 $CH 2 Cl 2 (20 mol %) were added and the mixture was heated at 80 C for 1 h and 30 min. The reaction was stopped when no dehydroamino acid was observed in the TLC. After cooling, ethyl acetate (15 mL) and water (10 mL) were added and the phases were separated. The organic phase was washed with water and brine (2Â5 mL), and it was dried (MgSO 4 ) and filtered. Removal of solvent gave an oily residue, which was subjected to column chromatography. ether/petroleum ether, compound 1 (179 mg, 63%) was obtained as a yellow oil that crystallized from ether/petroleum ether as white crystals, mp 214e216 C. 1 
Spectroscopic measurements
Absorption spectra were recorded in a Shimadzu UV-3101PC UVeviseNIR spectrophotometer. Fluorescence measurements were performed using a Fluorolog 3 spectrofluorimeter, equipped with double monochromators in both excitation and emission. For fluorescence quantum yield determination, the solutions were previously bubbled for 20 min with ultrapure nitrogen. Fluorescence spectra were corrected for the instrumental response of the system. The fluorescence quantum yields (F s ) were determined using the standard method (Eq. 7). 28 9,10-Diphenylanthracene in ethanol was used as reference, F r ¼0.95.
where A is the absorbance at the excitation wavelength, F is the integrated emission area and n is the refraction index of the solvents used. Subscripts refer to the reference (r) or sample (s) compound. All solutions were prepared using spectroscopic grade solvents and Milli-Q grade water.
Natural double-stranded salmon sperm DNA was obtained from Invitrogen. Salmon sperm DNA and BTIN and BFIN stock solutions were prepared in 10 mM TriseHCl buffer (pH¼7.4) with 1 mM EDTA. The purity of DNA was checked by monitoring the absorption spectrum and the ratio of the absorbance at 260 and 280 nm, A 260 /A 280 ¼1.95 (good-quality DNA has an A 260 /A 280 ratio higher than 1.8). 39 The DNA concentration in number of bases (or phosphate groups) was determined from the molar extinction coefficient, 3¼ 6600 M À1 cm À1 at 260 nm. 40 The absorption and emission spectra of several solutions with different [DNA]/[compound] ratios using the same compound concentration (4.2Â10 À6 M) were recorded. The solutions were left 24 h to stabilize. The absorbance at excitation wavelengths was always less than 0.1, in order to avoid inner filter effects. All measurements were performed at room temperature (25.0AE0.5 C). Binding analysis of the experimental data was performed according to McGhee and von Hippel model (Eq. 1) to determine the intrinsic binding constants and the binding site sizes, using the DNA concentration in base pairs.
Electrochemistry
Apparatus
The oxidation signals of BTIN and DNA were investigated by using differential pulse voltammetry (DPV) in connection with an electrochemical analysis system, the AUTOLAB-PGSTAT 302 and GPES 4.9 software package (Eco Chemie, The Netherlands). The three electrodes system consisted of disposable working electrode (pencil graphite electrode, PGE), an Ag/AgCl reference electrode (Model RE-1, BAS, W. Lafayette, USA) and a platinum wire as the auxiliary electrode. The raw voltammograms were treated by using the Savitzky and Golay filter (level 2) included in the General Purpose Electrochemical Software (GPES) of Eco Chemie (The Netherlands) with moving average baseline correction using a 'peak width' of 0.01 V.
The preparation of disposable electrodes
The renewable PGE was used in voltammetric measurements for the electrochemical detection of DNA. A Tombo pencil (Japan) was used as a holder for the graphite lead. Electrical contact with the lead was obtained by soldering a metallic wire to the metallic part. The pencil was held vertically with 14 mm of the lead extruded outside (10 mm of which was immersed in the solution).
Chemicals
The fish sperm DNA (as lyophilized powder) was obtained from Serva Company (Germany). dsDNA stock solution (100 mg/L) was prepared with TE buffer solution (10 mM TriseHCl, 1 mM EDTA, pH 8.00) and kept frozen. More dilute solutions of dsDNA were prepared in 0.05 M acetate buffer solution containing 20 mM NaCl (ABS, pH 4.80). Other chemicals were of analytical reagent grade.
The stock solutions of BTIN were prepared using DMSO.
4.3.4.
Procedure for electrochemical detection of interaction of BTIN with DNA Each measurement involved the immobilization of the nucleic acid/detection cycle at a fresh pretreated PGE surface. All the experiments were performed at room temperature (25.0AE0.5 C).
4.3.4.1. Immobilization of dsDNA onto PGE surface. PGEs were pretreated by applying þ1.40 V for 30 s in ABS without stirring; 16 mg/mL concentration level of dsDNA was immobilized onto the pretreated PGEs by following the dip-coating procedure for 7.5 min. 20, 21 After immobilization of DNA onto PGEs, each PGE was then rinsed with ABS for 10 s.
Interaction of BTIN with dsDNA modified PGE: dsDNA modified PGE was immersed into the solution of BTIN in various concentrations prepared by using ABS. BTIN was accumulated into the double helix of DNA by stirring for 5 min without applying any potential. Then, the electrode was rinsed with ABS for 10 s.
Voltammetric transduction
Before and after interaction, oxidation signals of both BTIN and DNA base, adenine, were measured by using DPV in ABS by scanning from þ0.10 to þ1.40 V at 50 mV pulse amplitude and 50 mV/s scan rate.
Repetitive measurements were carried out by renewing the surface and repeating the above assay formats by using the electrochemical transducer.
